Goodman MD, Koch SE, Afzal MR, Butler KL. STAT subtype specificity and ischemic preconditioning in mice: is STAT-3 enough?. Am J Physiol Heart Circ Physiol 300: H522-H526, 2011. First published December 3, 2010 doi:10.1152/ajpheart.00231.2010The role of other STAT subtypes in conferring ischemic tolerance is unclear. We hypothesized that in STAT-3 deletion alternative STAT subtypes would protect myocardial function against ischemia-reperfusion injury. Wild-type (WT) male C57BL/6 mice or mice with cardiomyocyte STAT-3 knockout (KO) underwent baseline echocardiography. Langendorff-perfused hearts underwent ischemic preconditioning (IPC) or no IPC before ischemia-reperfusion. Following ex vivo perfusion, hearts were analyzed for STAT-5 and -6 phosphorylation by Western blot analysis of nuclear fractions. Echocardiography and postequilibration cardiac performance revealed no differences in cardiac function between WT and KO hearts. Phosphorylated STAT-5 and -6 expression was similar in WT and KO hearts before perfusion. Contractile function in WT and KO hearts was significantly impaired following ischemia-reperfusion in the absence of IPC. In WT hearts, IPC significantly improved the recovery of the maximum first derivative of developed pressure (ϩdP/dt max) compared with that in hearts without IPC. IPC more effectively improved end-reperfusion dP/dtmax in WT hearts compared with KO hearts. Preconditioned and nonpreconditioned KO hearts exhibited increased phosphorylated STAT-5 and -6 expression compared with WT hearts. The increased subtype activation did not improve the efficacy of IPC in KO hearts. In conclusion, baseline cardiac performance is preserved in hearts with cardiac-restricted STAT-3 deletion. STAT-3 deletion attenuates preconditioning and is not associated with a compensatory upregulation of STAT-5 and -6 subtypes. The activation of STAT-5 and -6 in KO hearts following ischemic challenge does not provide functional compensation for the loss of STAT-3. JAK-STAT signaling via STAT-3 is essential for effective IPC.
ISCHEMIC PRECONDITIONING (IPC) is a phenomenon by which brief ischemic episodes render resistance to subsequent ischemic insults. Preconditioning-induced cardioprotection may include by a reduction in infarct size the preservation of systolic or diastolic function, a decrease in the number or lethality of arrhythmias, the maintenance of intracellular acid-base status, and the attenuation of the myocardial inflammatory response (3, 4) . IPC initiates several endogenous strategies of cellular adaptation via the activation of survival kinase pathways including JAK-STAT and phosphatidylinositol 3-kinase-Akt. Moreover, stress-responsive cellular signaling pathways initiate de novo synthesis of cardioprotective proteins, such as nitric oxide and cyclooxygenase-2, during the late phase of preconditioning (3) .
The JAK-STAT pathway is comprised of a family of receptor-associated cytosolic tyrosine kinases (JAKs) that activate signal-dependent transcription factors (STATs). We and others have previously shown that this pathway is activated by stresses such as ischemia, mechanical stress, cytotoxic agents, or bacterial inflammation (4, 6, 17, 12) . Pre-or postconditioning activates STAT-3 and protects cardiac performance following ischemic insult. Targeted transgenic knockout (KO) of STAT-3 in cardiomyocytes results in a preserved myocardial function but renders these KO hearts more susceptible to ischemic and oxidative cardiac injury and incapable of activating classical IPC (11, 13, 18) . Although studies of the mitogenactivated protein kinase and protein kinase C families have demonstrated no compensatory change in isoform expression following targeted KO of a specific subtype, similar investigations have not been performed for the JAK-STAT pathway (1, 17) .
The purposes of our study were to investigate the role of JAK-STAT signaling and the efficacy of IPC in the absence of cardiomyocyte STAT-3 and to characterize the response of cardiac-restricted STAT-3-deficient mice to ischemia-reperfusion (I/R) challenge. We hypothesized that the compensatory activation of other STAT subtypes, specifically STAT-5 and -6, in the presence of cardiac-restricted STAT-3 deletion would protect myocardial performance against I/R injury.
MATERIALS AND METHODS
Animals. All animal protocols conformed to the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996) and were approved by the Institutional Animal Care and Use Committee of the University of Cincinnati. Wild-type (WT) male C57BL/6 mice at 10 wk of age (Harlan, Indianapolis, IN) and cardiomyocyte-specific STAT-3-deleted animals were provided a standard mouse chow diet and water ad libitum and acclimatized for 2 to 3 days before experimentation. The hearts from STAT-3 KO mice were subjected to experimental protocols at 10 -12 wk of age (breeding pairs provided by Dr. Kerry Russell, Yale University, New Haven, CT). WT (C57BL/6) age-matched animals served as controls.
In vivo echocardiography. Before isolated heart experimentation, the animals were anesthetized with isoflurane and two-dimensional transthoracic echocardiographic images of the left ventricle were obtained using a 7.5-MHz transducer at the level of the papillary muscles to assess left ventricular function. The percent fractional shortening and ejection fraction were calculated after measuring left ventricular end-diastolic and -systolic dimensions.
Isolated heart perfusion. At least 24 h after echocardiography, randomly selected animals were anesthetized (ketamine, 90 mg/kg; and xylazine, 10 mg/kg) and heparinized (200 units) via intraperitoneal injection. Hearts were rapidly excised into warmed, oxygenated Krebs-Henseleit buffer, and the aorta was cannulated with a 23-gauge cannula. Langendorff perfusion commenced, as previously described (7), with normothermic (37°C), oxygenated (95% O 2-5% CO2) KrebsHenseleit buffer containing (in mM) 10 glucose, 118 NaCl, 2.5 CaCl2, 4.7 KCl, and 25 NaHCO3 (pH 7.4) at a constant flow of 2 to 3 ml/min. Aortic pressure was maintained at 50 -55 mmHg throughout the perfusion protocol. A cannula inserted into the left ventricle via an incision in the left atrium was connected to a pressure transducer (AD Instruments, Milford, MA) and coupled to a PowerLab/400 (AD Instruments) for continuous data recording. Hearts were equilibrated in a warmed (37°C), dry chamber for 10 min before any intervention. The hearts that could not achieve a minimal left ventricular pressure of 85 mmHg and a coronary flow of 2 to 3 ml/min at the end of the equilibration period were discarded. A three-way stopcock above the aortic root was used to create global ischemia, during which the hearts were immersed in a 37°C degassed organ bath. Following equilibration, WT and STAT-3 KO hearts were randomly assigned (coin flip) to undergo I/R with or without preceding IPC (Fig. 1) . Nonpreconditioned control hearts (I/R) underwent 30 min of global, normothermic ischemia and 40 min of reperfusion. The hearts in the IPC groups were preconditioned with 5 min of ischemia and 5 min of reperfusion before undergoing I/R. Cardiac function was assessed at the end of the equilibration (baseline) and at 10-min intervals during reperfusion by determining the maximum and minimum first derivative of developed pressure (ϩdP/dt max and ϪdP/dtmin, respectively, in mmHg/s). Coronary flow (in ml/min) was measured by timed collection of pulmonary artery effluent at each time point during reperfusion.
Protein isolation and Western blot analysis. At the completion of the perfusion protocols, the hearts were rapidly frozen in liquid nitrogen and stored at Ϫ80°C until analysis. The preparation of nuclear extracts to identify phosphorylated (activated) and total STAT (pSTAT and tSTAT, respectively) protein was performed using NXTRACT (Sigma-Aldrich Chemical, St. Louis, MO) according to the manufacturer's recommendations with the addition of phosphatase inhibitors consisting of (in mM) 200 imidazole, 100 NaFl, 115 sodium molybdate, 100 sodium orthovandate, and 400 sodium tartrate dehydrate. Total protein concentrations were determined using the BCA Protein Assay Kit (Pierce, Rockford, IL).
Aliquots of nuclear fractions, corresponding to 75 g of protein, were separated by 10% SDS-PAGE (Gene Mate Express gels, ISC Bioexpress, Salt Lake City, UT), transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA), and blocked with 5% bovine serum albumin-TBS-Tween. STAT-3 expression was analyzed using a primary monoclonal antibody against pSTAT-3 705 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA) and tSTAT-3 (1:200, Santa Cruz Biotechnology). Similarly, nuclear fractions were analyzed for pSTAT-5 (1:1,000, Invitrogen, Carlsbad, CA), tSTAT-5 (1:200, Santa Cruz Biotechnology), pSTAT-6 (1:1,000, Millipore, Billerica, MA), and tSTAT-6 (1:200, Santa Cruz Biotechnology). To normalize protein loading, the membranes were analyzed with a primary antibody for calsequestrin (1:2,500, Affinity Bioreagents, Golden, CO). Tukey's post hoc analysis for multiple comparisons; P Ͻ 0.05 was considered significant.
RESULTS
Baseline cardiac performance. Baseline cardiac performance was determined in vivo using two-dimensional transthoracic echocardiography. There were no significant differences in left ventricular function (percent fractional shortening and ejection fraction) between WT and KO hearts (Fig. 2) .
Baseline ex vivo cardiodynamics were obtained following 10 min of equilibration on the Langendorff apparatus. Coronary flow was significantly higher in the KO hearts; all other cardiodynamic variables were not different. (Table 1) .
Western blot analysis of nonperfused (baseline) hearts revealed similar levels of pSTAT-5 and pSTAT-6 expression in WT and KO hearts (Fig. 3) .
Cardiac-specific STAT-3 deletion and ischemic tolerance. I/R challenge without preconditioning resulted in a considerable impairment in myocardial systolic and diastolic function in both WT and KO hearts. At end-reperfusion, WT hearts recovered only 25% of their baseline developed pressure (end reperfusion vs. baseline developed pressure, 27 Ϯ 6 vs. 105 Ϯ 5 mmHg, P Ͻ 0.001). Similarly, KO hearts recovered 24% of their baseline developed pressure (end reperfusion vs. baseline developed pressure, 23 Ϯ 8 vs. 108 Ϯ 9 mmHg, P Ͻ 0.001). When compared with WT hearts, KO hearts undergoing I/R alone demonstrated no differences in any of the measured cardiodynamic parameters (Table 2) .
IPC in the absence of cardiomyocyte STAT-3. IPC significantly enhanced end-reperfusion myocardial recovery in WT hearts compared with I/R alone. When compared with WT I/R hearts, IPC in WT hearts significantly improved end-reperfusion ϩdP/dt max and ϪdP/dt min (Fig. 4) . No differences in end-reperfusion left ventricular pressure, end-diastolic pres- Fig. 1 . Time course of experimental protocols. Wild-type (WT) and knockout (KO) hearts were randomized to undergo ischemiareperfusion (I/R) with or without preceding preconditioning (n ϭ 6 to 7 for each group). IPC, ischemic preconditioning. sure, coronary flow, or heart rate were identified (Table 2) . By contrast, IPC in KO hearts had no significant effect on myocardial functional recovery compared with KO I/R hearts ( Table 3) . Furthermore, IPC more effectively improved endreperfusion systolic performance in WT hearts than in KO hearts (Fig. 5 ). There were no differences in end-reperfusion coronary flow or heart rate between WT and KO hearts following preconditioning (Table 2) .
Protein expression following I/R. Following I/R, left ventricular samples from KO hearts demonstrated a significantly higher expression of pSTAT-5 and pSTAT-6 by Western blot analysis compared with WT hearts (Fig. 5) . However, IPC in WT hearts increased the expression of pSTAT-5 and pSTAT-6 compared with WT without IPC. There were no significant differences in total STAT-5 or -6 expression following I/R.
Preconditioning in STAT-3 KO hearts induced a significantly higher expression of only pSTAT-5 compared with preconditioned WT hearts. Unlike the changes in phosphorylated protein seen in preconditioned WT hearts, there was no significant change in pSTAT-5 or -6 expression in KO hearts following preconditioning compared with I/R alone (Fig. 5) .
DISCUSSION
The results of this study demonstrate for the first time to our knowledge that IPC does not protect myocardial function from I/R injury in the absence of cardiomyocyte STAT-3. Increased activation of STAT-5 and -6 in STAT-3 KO hearts, compared with WT hearts, did not offer protection against I/R-induced cardiac dysfunction, nor did it improve cardiac performance following IPC. Importantly, our results show that STAT-3 activation is essential to IPC-induced cardioprotection and that the activation of STAT-5 and -6 was insufficient for effective preconditioning in the absence of STAT3.
STAT-3 KO and cardiac performance. The complete knockout of STAT-3 is embryonically lethal. However, animals with cardiomyocyte-restricted STAT-3 deletion using the Cre-loxP system have reduced cardiomyocyte STAT-3 expression by 40% at birth and nearly 100% by 10 -12 wk of age. These animals have an increased susceptibility to doxorubicin-induced oxidative injury, enhanced fibrotic and apoptotic response to proinflammatory stimuli, and a propensity to develop cardiac dysfunction with age (13) . Moreover, Hilfiker-Kleiner et al. (11) have suggested that the evolution of reduced myocardial capillary density and amplified interstitial fibrosis by 2 to 3 mo of age may contribute to the STAT-3 KO heart vulnerability to injury. As STAT-3 KO mice age, they display increased ventricular dilation, apoptosis, and interstitial fibrosis, resulting in premature mortality.
Despite the genetic depletion of cardiac STAT-3, our data demonstrate that cardiac performance in KO hearts at 2 to 3 mo of age is similar to that of WT hearts. Hilfiker-Kleiner et al. (11) importantly illustrate that it is critical to perform physiological studies on these animals at a young age (2 to 3 mo). Our echocardiography results coupled with the baseline ex vivo cardiac function indicate a preserved myocardial contractile function in KO hearts, supporting this age as an appropriate time frame for investigation.
Role of STAT-3 in IPC.
We and others have previously demonstrated the essential role of STAT-3 activation in ischemic tolerance and IPC (3, 4) . Many of these studies have used the administration of AG490, a nonspecific JAK-2 inhibitor, to attenuate STAT-3 activation before the ischemic insult. Few studies, however, have characterized the myocardial response to I/R injury following cardiac deletion of STAT-3. HilfikerKeliner et al. (11) demonstrated that STAT-3 KO hearts display a reduced ischemic tolerance to coronary ligation as assessed by increased infarct size, cardiomyocyte apoptosis, and deterioration of ventricular systolic function. Smith et al. (18) additionally showed that IPC failed to improve ischemic tolerance in STAT-3 KO cardiomyocytes or reduce infarct size in ex vivo-perfused KO hearts. Our results complement these studies by demonstrating that cardiomyocyte-restricted STAT-3 Values are means Ϯ SE; n, number of mice. DP, developed pressure; LVP, left ventricular pressure; EDP, end-diastolic pressure; CF, coronary flow; HR, heart rate; ϩdP/dtmax and ϪdP/dtmin, maximum and minimum first derivative of DP, respectively; WT, wild-type; KO, knockout. *P Ͻ 0.05 vs. WT. deletion maintains a normal cardiac phenotype but abrogates the protective effects of IPC on cardiodynamics. The protective effect of STAT-3 following I/R challenge may involve a rebalancing of pro-and antiapoptotic factors (2). Cardiomyocyte-restricted STAT-3 deletion may allow for STAT-3 activation in other cell types, including endothelial cells, to contribute to postischemic myocardial protection. Wang et al. (19) demonstrated a diminished postischemic functional recovery in hearts lacking endothelial cell STAT-3. In contrast to the present study, however, the in vivo cardiac phenotype was not characterized. A KO heart combining the cardiomyocyte and endothelial cell STAT-3 deletion may permit a more comprehensive study of cardiac function and postischemic recovery in the absence of STAT-3.
Differential STAT signaling following ischemia. The STATs comprise a family of transcription factors that transmit the interactions of cytokines, hormones, or growth factors from cell surface receptors to responsive elements in the nucleus. The seven subtypes of STATs display a broad range of functions that may be overlapping, redundant, or even opposing. Whereas STAT-3 and STAT-1 engage in conflicting roles with respect to modulation of apoptosis, both STAT-5 and -6 have been shown to be activated following myocardial ischemic challenge in a similar fashion to . Initially discovered as a transcription factor integral to prolactin-induced mammary gland development, STAT-5 is currently recognized as playing a role in hematopoiesis, immunity, and inflammation (5) . STAT-5 is further divided into STAT-5A and -5B, which are differentially expressed in many cell types, but expressed in equal amounts in the heart (9) . While the essential functions of STAT-5A involve prolactin signaling, STAT-5B is located downstream in growth hormone signaling as well as the angiogenic response to hypoxia-induced erythropoeitin release (21) . STAT-6 is integral to IL-4/IL-13 signaling and the subsequent polarization of T H 2 cells but also demonstrates an increased expression in the intima and media of atherosclerotic coronary arteries (8, 16) .
Although cardiac JAK-STAT signaling research has predominantly focused on STAT-3 activation, several studies have investigated the roles of STAT-5 and -6 in cardiac adaptation to stress. Mascareno et al. (14, 21) demonstrated that although both STAT-5 and -6 are activated following cardiac I/R challenge, only STAT-5A was shown to be involved in IPC. Moreover, STAT-3, -5, and -6 are all activated by angiotensin II to participate in mechanisms intrinsic to myocardial hypertrophy (10, 14) . To our knowledge, however, this study is the first to address the differential myocardial STAT activation in the absence of cardiomyocyte STAT-3.
Our results demonstrate that although the baseline expression of STAT-5 and -6 in STAT-3 KO hearts is similar to that of WT hearts, KO hearts show an increased expression of both pSTAT-5 and -6 following I/R compared with WT hearts. Following IPC, however, pSTAT-5 and -6 expression is increased in WT but not KO hearts compared with hearts undergoing I/R alone. In addition, our data show that despite the elevated expression of pSTAT-5 and -6 in KO hearts following I/R and IPC, there is no corresponding functional compensation in myocardial recovery as a result of the increased pSTAT-5 and -6. By suggesting that STAT-3 specifically is essential to preconditioning-induced cardioprotection, our results disagree with previous studies that propose a more integral role for STAT-5A. We have demonstrated that STAT-5 activation is insufficient to provide IPC-induced functional cardioprotection in the absence of STAT-3. Yamaura et al. (21) found that murine hearts lacking STAT-5A had no change in infarct size following preconditioning compared with I/R alone, suggesting that STAT-5A plays a role in IPC. This difference may be explained by the specificity of the antibody against the STAT-5A subtype. Interestingly, previous studies that have used STAT-5 and -6 KO models to implicate a role for these transcription factors in I/R and IPC have not characterized the myocardial activation of other STATs, as we have in the present study.
Summary. Our results support an essential role for STAT-3 signaling in the cardioprotective response induced by preconditioning following an ischemic challenge. The present data suggest that in hearts lacking cardiomyocyte STAT-3, STAT-5 and -6 activation is augmented following I/R challenge but is not further increased by IPC. Importantly, an increased activation of STAT-5 and -6 does not provide functional compensation for the genetic deletion of cardiomyocyte STAT-3. JAK-STAT signaling via STAT-3 therefore remains a critical target to attenuate myocardial injury and dysfunction induced by I/R injury.
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